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Widgeongrass (Ruppia maritima) is a cosmopolitan submersed aquatic vegetation (SAV) 
of brackish wetlands. Management of SAV species is practiced in impounded tidal wetlands in 
coastal South Carolina to provide forage for waterfowl and other waterbirds. Widgeongrass also 
provides habitat and associated periphyton for aquatic invertebrates. I conducted an observational 
study to test effects of complete drawdown (CD) to dried substrate versus partial, shallow water 
(0–10 cm) drawdown (PD) during May–June 2016 on aquatic invertebrate and SAV biomasses 
and aquatic invertebrate diversity in managed brackish tidal impoundments (MTI) in the 
Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina, because such data were lacking to 
inform managers of best practices to promote standing crops of invertebrates and SAV. I sampled 
sediments and SAV in 20 MTIs (8 complete and 12 partial drawdown MTIs) and three natural 
tidal marsh sites (control) during August 2016, November 2016, January 2017, and April 2017. I 
used mixed model analysis of variance to test (∝ = 0.10) effects of drawdown on SAV and 
benthic invertebrate biomasses (g[dry]/m
2
) and benthic invertebrate diversity (Shannon H′). I 
used mixed model analysis of covariance to test (∝ = 0.10) effects of drawdowns and SAV 
biomass (covariate) on total invertebrate biomass (benthic and epifaunal combined; g[dry]/m
2
) 
and diversity (Shannon H′). I detected a drawdown effect on SAV (P = 0.014) and benthic (P = 
0.063) and total (P = 0.014) invertebrate biomasses for August 2016, benthic and total 
invertebrate biomasses for November 2016 (P = 0.022 and P = 0.041, respectively) and April 
2017 (P = 0.042 and P = 0.030, respectively), and benthic invertebrate biomass for January 2017 
(P = 0.079). I also detected a drawdown effect on benthic invertebrate diversity for August 2016 
(P =0.007), November (P = 0.056) and April 2017 (P = 0.013) and total invertebrate diversity for 
August (P = 0.025) and April 2017 (P = 0.012). Additionally, I detected a significant positive 
effect of SAV biomass on total invertebrate biomass (0.089 ≤ P ≤ 0.002) and diversity (0.014 ≤ 
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P ≤ 0.001) for November 2016 and April 2017, and benthic invertebrate biomass for August 
2016, November 2016, and April 2017 (0.054 ≤ P ≤ 0.001). 
Submersed aquatic vegetation and benthic and total invertebrate biomasses at peak 
production in August 2016 were greatest and less variable in partially drawndown impoundments 
before Hurricane Matthew devastated SAV communities in October 2016. Partially drawndown 
MTIs exhibited greater benthic and total invertebrate biomasses and diversity for all sampling 
periods with detected treatment effects except January 2017 wherein both PD and CD MTIs 
exhibited greater benthic invertebrate biomass than unmanaged marsh (control) and April 2017 
wherein benthic invertebrate diversity was greater in PD MTIs than both CD MTIs and 
unmanaged marsh. I present bioenergetic carrying capacity estimates (energetic use days 
[EUD/ha]), derived from my SAV and invertebrate biomass estimates by treatment for each 
sampling period, for dabbling ducks associated with South Carolina MTIs. Across sampling 
periods, EUDs for PD MTIs averaged 2.7 times greater than EUDs for CD MTIs. I recommend 
partial drawdowns to maximize invertebrate and SAV biomasses and MTI foraging carrying 
capacities for migratory ducks and other waterbirds in coastal South Carolina. However, I also 
recommend periodic complete drawdowns to consolidate flocculent soils and decompose organics 
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EFFECTS OF HYDROLOGICAL MANAGEMENT 
ON  
WIDGEONGRASS AND OTHER SUBMERSED AQUATIC VEGETATION 
BIOMASS 
IN 
SOUTH CAROLINA COASTAL IMPOUNDMENTS 
INTRODUCTION 
Coastal South Carolina contains approximately 204,000 hectares of estuarine 
wetlands, of which, about 30,000 hectares (15%) are impounded and managed using 
water-control structures (hereafter, managed tidal impoundments [MTIs]; Morgan et al. 
1975, Tiner 1977, Miglarese and Sandifer 1982, Tompkins 1986a, Folk 2018). Coastal 
wetlands from southern North Carolina through northern Georgia were impounded to 
produce rice from the seventeenth to early twentieth centuries (Miglarese and Sandifer 
1982, Tompkins 1986b, Beach 2014:27–28). The extent of wetlands converted to rice 
production remains unknown; however, current estimates approximate 111,018 hectares 
(R. D. Hanks, Clemson University, personal communication). Forested inland and tidal 
swamps were systematically diked from surrounding creeks and rivers, cleared of 
massive trees and dense undergrowth, and further subdivided into grids by extensive 
canal systems (Heyward 1937:3, Beach 2014:3–4, 23). These monumental landscape 
conversions were constructed by hand by enslaved Africans (Heyward 1937:3, Beach 
2014:1, 23). Scant attention has been paid to the human effort required to transform the 
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coast of South Carolina into an agrarian landscape delineated by man-made features 
visible centuries after their creation. South Carolina was the leading importer of slaves, 
particularly those from coastal West Africa with the agricultural and technical experience 
to cultivate rice (Beach 2014:7–8). Enslaved African labor impacted large swaths of the 
South Carolina coast and created an agro-economic aristocratic rice culture (Beach 2014: 
8, 27). Following collapse of the rice culture beginning after the Civil War, many former 
rice plantations were purchased as winter retreats and hunting clubs and former diked rice 
field impoundments with water control structures (i.e., termed “trunks”), were managed 
for fresh and brackish native plants to attract waterfowl for hunting (Morgan et al. 1975, 
Tiner 1977, Miglarese and Sandifer 1982, Tompkins 1986b, Beach 2014:45–49). The 
legacy of enslavement thus reaches through centuries to impact present day coastal 
conservation. 
 Brackish estuarine impoundments are typically managed for native vegetative 
waterfowl forage (Morgan et al. 1975, Landers et al. 1976, Miglarese and Sandifer 1982, 
Swiderek et al. 1988, Kantrud 1991). Brackish impoundments are characterized by 
salinity gradients ranging from 0.5–25.00 ppt (Miglarese and Sandifer 1982). 
Sophisticated wetland management practices were developed in the 1950s–1960s to 
produce native macrophytic waterfowl forage and are still followed today (Gordon et al. 
1989). Widgeongrass (Ruppia maritima) is a predominate focal macrophyte in MTIs 
throughout coastal South Carolina, wherein hydrological manipulations are timed to 
promote its growth and propagation along with other native macrophytic waterfowl 
forage adapted to brackish wetlands (e.g., dwarf spikerush [Eleocharis parvula], sturdy 
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bulrush [Bolboschoenus robustus], bearded sprangletop [Leptochloa fascicularis] and 
Gulf Coast muskgrass [Chara hornemannii]; Baldwin 1956, Wilkinson 1970, Landers et 
al. 1976, Prevost et al. 1978, Swiderek 1982). 
Widgeongrass is submersed aquatic vegetation (SAV) that occupies open water 
zones of MTIs and other brackish wetlands. It is a monocot capable of self and cross-
pollination exhibiting rapid growth and maturation and producing foliage and seeds 
readily consumed by waterfowl worldwide (Martin and Uhler 1939, Landers et al. 1976, 
Prevost et al. 1978, Kantrud 1991, Hartke et al. 2009). Often sympatric with pondweeds 
and seagrasses (e.g., Potamogeton spp., Zostera spp., respectively), widgeongrass is a 
vascular freshwater species in the family Ruppiaceae exhibiting varying salinity tolerance 
and growth habits (Joanen and Glasgow 1965, Mayer and Low 1970, Zieman 1982, 
Kantrud 1991). Despite its vast range and varying environmental tolerances, 
widgeongrass occupies a rather narrow ecological niche with little interspecific 
competitiveness (Verhoeven 1979). Limiting factors on growth include: temperature, 
salinity, pH, wave action, drought or manipulated de-watering, turbidity, herbivory from 
ducks and American coots (Fulica americana), and competition from emergents, other 
SAV, and filamentous algae (Cladophora spp.; Neely 1962, Joanen and Glasgow 1965, 
Prevost et al. 1978, Verhoeven 1979, 1980). 
Techniques for managing widgeongrass vary among managers, MTI 
characteristics, and objectives. Widgeongrass management is achieved primarily through 
water manipulation to provide environmental conditions (e.g., substrate, water quality, 
plant community characteristics) conducive to germination, growth, and overall 
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production of the species (Meeks 1969, Wilkinson 1970, Prevost 1987a). Water 
manipulation is achieved by trunks that utilize natural tidal cycles of adjoining tidal 
estuarine rivers and creeks to dewater or flood MTIs (Morgan et al. 1975). Typical 
waterfowl management of South Carolina brackish impoundments involve a cycle of 
winter flooding to accommodate wintering waterfowl; gradual drawdowns during late 
winter–early spring resulting in dewatered, yet saturated and exposed substrates; late 
spring–early summer drawdown to the substrate for 2–4 weeks followed by inundation to 
shallow depths (15–20 cm) and incremental increases in water depth during late summer-
fall following widgeongrass germination to encourage growth (Gordon et al 1989, 
Williams et al. 2018). 
Summer drawdowns inhibit Cladophora and consolidate organic material in the 
substrate. Consolidation of sediments reduces turbidity and provides a stable substrate for 
shallow-rooted rhizomes that are easily disturbed by wave action (Kantrud 1991, South 
Carolina Dept. Natural Resources 2012). However, prolonged exposure of dry sediments 
can lead to extreme acidification due to iron polysulfide oxidation which depresses 
growth of desired plants (Neely 1958, Wilkinson 1970). Despite risk of acidified soils, 
complete drawdowns resulting in dry and fissured sediment surfaces are a common 
practice (personal observation). Exposure to desiccated conditions may stimulate 
widgeongrass seed germination upon re-flooding; however, literature suggests that such 
conditions may also reduce overall seed viability (Cho and Sanders 2009).   
 Conversely, many impoundment managers avoid the traditional practice of 
complete summer drawdowns in favor of maintaining an open-water state with partial, 
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shallow-water summer drawdowns (1–10 cm) until mid-summer (Prevost 1987b). 
Wilkinson (1970) noted increasing stands of widgeongrass in an experimental MTI 
flooded to 0.61 m after February drawdowns for a period of three years, suggesting that 
complete spring–summer drawdowns were unnecessary for widgeongrass propagation. 
Both management regimes seemingly achieve management objectives of widgeongrass 
production; however, neither technique has been compared to test if an optimum practice 
exists relative to producing widgeongrass and other SAV in South Carolina MTIs. 
 I conducted an observational study to test effects of complete late spring–early 
summer water drawdown (CD) to dried fissured substrate conditions versus partial late 
spring–early summer water drawdown (PD) to substrate level and above (0–10 cm) on 
SAV biomass in coastal South Carolina MTIs. I hypothesized SAV biomass would be 
greater in PD MTIs due to increased seed viability from lack of desiccation stress and 
potential vegetation reproduction (Cho and Porrier 2005, Cho and Sanders 2009). My 
objectives were to: 1) test treatment effects on SAV biomass of sampled MTIs in each of 
four sampling periods, 2) examine treatment effects on abiotic variables that may 
influence SAV growth, and 3) estimate SAV biomass (g[dry]/m
2




 My study was conducted across three properties in Beaufort and Colleton 
counties, South Carolina, within the Ashepoo, Combahee, and Edisto Rivers Basin (ACE 
Basin; Table 1.1, Fig. 1.1). The ACE Basin is a large estuarine system encompassing 
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182,115 hectares located between the cities of Charleston and Beaufort, South Carolina 
(SCDNR 2011). Study sites included the privately owned Nemours Wildlife Foundation 
and Cheeha Combahee Plantations and the state-owned Bear Island Wildlife 
Management Area (WMA; Fig. 1.1). The Combahee River supplied water to Nemours 
Wildlife Foundation and Cheeha Combahee Plantation MTIs. Water for Bear Island 
WMA MTIs was supplied by the Ashepoo River for western units and the South Edisto 
River for eastern units. Selected properties contained MTIs employing both complete and 
partial drawdown management for SAV propagation with salinity gradients ranging from 
intermediate (1–5 ppt) to brackish (5–20 ppt).  
Study design, SAV collection, and processing 
 I randomly selected a total of 20 MTIs (Bear Island WMA, n = 8; Cheeha 
Combahee Plantation, n = 8; Nemours Wildlife Foundation Plantation, n = 4) and 
balanced treatments at each site (CD and PD) except Bear Island WMA, which included 
6 PD and 2 CD MTI samples (Table 1.1). This imbalance at Bear Island WMA occurred 
due to a shift from CD to PD management prior to my study. 
 I used a complete block design to account for spatial variability in SAV biomass 
among sites and randomly selected MTIs (Townend 2002:58–59). I collected SAV from 
10 randomly selected points in each MTI in: August 2016, November 2016, January 
2017, and April 2017. I chose these months to estimate biomass of SAV in late summer 
before arrival of early migratory waterfowl and other waterbirds, during winter, and in 
spring coincident with shorebird migrations. 
 I collected SAV using a circular unit sampler, thereby creating a contained 
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quantifiable sample area (Obernuefemann 2007). I constructed the unit sampler from a 
0.762 m length of schedule 40 PVC pipe with an outside diameter of 0.36 m, inside 
diameter of 0.33 m, and sampling area of 0.086 m
2
 (Fig. 1.2). I riveted metal cutting teeth 
fabricated from spring steel along the bottom of the sampler to facilitate substrate 
penetration and separation of SAV mats (Fig. 1.2). I also attached rope carrying handles 
for ease of transportation (Fig. 1.2). 
 I extracted widgeongrass and other SAV from the unit sampler with a modified 
heavy-duty metal rake (Bully Tools 40 cm level head rake, Steubenville, Ohio; Rodusky 
et al. 2005, Skogerboe et al. 2008, Johnson and Newman 2011; Fig. 1.3). One side of the 
rake head was removed and re-welded facing the opposite direction in addition to 
trimming both ends of the rake head to fit the unit sampler (Fig. 1.3). These modifications 
allowed the rake teeth to face the same direction when rotated in a clockwise motion to 
extract SAV from the unit sampler. I inserted the rake into the unit sampler with the teeth 
resting on the substrate surface and spun it for 5 full clockwise rotations enabling 
collection and extraction of SAV within the unit sampler (Fig. 1.4). Similar methodology 
yielded 72% collection efficiency (N.M. Masto and B.A. Bauer, unpublished data). I 
placed samples in plastic freezer bags and transported them on ice to the laboratory where 
samples were stored in a freezer until processed. 
 I allowed SAV samples to thaw at room temperature prior to washing them 
through a series of sieves increasing in mesh size from 12.7 mm to 500 µm to remove 
organics, debris, and epifaunal invertebrates. Widgeongrass was often the predominate 
vegetation; however, additional SAV species were also represented in samples (e.g., 
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dwarf spikerush). I dried washed samples to constant mass (g) in a laboratory oven at 70
0 
C for 48–72 hours (Whigham et al. 2002). I weighed dried SAV samples for biomass 
(g[dry]/m
2
) with a 0.1 mg digital balance. I reported SAV biomass for each MTI as the 
mean of subsample biomasses per individual MTI by sampling period. 
 I measured abiotic hydrological variables concurrent with SAV sampling. I 
measured water depth (cm) and substrate firmness at each subsampling point within the 
unit sampler prior to SAV collection. I measured substrate firmness by depressing a 
meter stick into the substrate to a constant depth of 5 cm with a soil penetrometer (S-170 
pocket soil penetrometer, Boart Longyear Co., Stone Mountain, Georgia) and recorded an 
index of increasing firmness in 0.25 increments (soft) from this value to 5.00 (firm; 
Bolduc and Afton 2005). I modified the meter stick with a 5.08 cm diameter rubber foot 
to increase surface area resistance in soft sediments typically encountered in MTIs (Fig. 
1.5; Bolduc and Afton 2005). I averaged water depth and substrate firmness values from 
each subsample for each MTI. I recorded one water quality measurement from a central 
location for temperature (
0 
C), pH, and salinity (ppt) per MTI for each sampling event 
with an YSI-63 handheld sensor (Yellow Springs Instrument Co., Yellow Springs, Ohio). 
I assumed these water-quality metrics did not vary within MTIs due to bathymetrical 
homogeneity across MTI beds. I measured water-quality from the surrounding source 
water (e.g., perimeter canals) when the MTI bed water depth was too shallow to permit 
use of the handheld sensor. 
Statistical analyses 
 I used PROC MIXED in SAS v9.4 to test effects of drawdown treatments on 
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variation in SAV biomass (g[dry]/m2) and abiotic factors for each sampling period with a 
random block effect (∝ = 0.10; SAS Institute, Cary, NC). I chose an ∝ = 0.10, because I 
deemed 90% probability in not committing type I error in this management oriented 
study adequate (Tacha et al. 1982). I tested hypotheses on least-squares means to adjust 
for block effects and design imbalance. Residual distributions varied in normality; 
however, I relaxed these assumptions due to the robustness of the F test (Miller 1997:80–
81), and because conclusions of F tests were alike using transformed and raw data. I 
calculated coefficients of variation using sample standard error (SE) to index precision of 
SAV and abiotic factor estimates relative to sample least-squares means: 
CV (%) = (
SE
?̅?
)  × 100 
RESULTS 
 Mean water depth fluctuated among sampling periods with the only significant 
difference between treatments occurring in January 2017 (F1,16 = 6.24, P = 0.024; Table 
1.2). Substrate firmness was 1.24–1.37 times greater in CD than PD MTIs in August 
2016 (F1,16 = 10.94, P = 0.005), November 2016 (F1,16 = 5.50, P = 0.032), and April 2017 
(F1,16 = 11.81, P = 0.003; Table 1.2). Water temperature varied seasonally and was 1.14–
1.27 times greater in CD than PD MTIs in January 2017 (F1,16 = 9.30, P = 0.008) and 
April 2017 (F1,16 = 11.06, P = 0.004; Table 1.2). Salinity was 1.63–3.12 times greater in 
PD than CD MTIs in November 2016 (F1,16 = 17.01, P = ≤ 0.001), January 2017 (F1,16 = 
30.48, P ≤ 0.001), and April 2017 (F1,16 = 19.11, P ≤ 0.001; Table 1.2). Water pH was 
1.06–1.08 times greater in PD than CD MTIs in August 2016 (F1,16 = 5.11, P = 0.038) 
and November 2016 (F1,16 = 5.17, P = 0.037), but varied between acidic to basic (6.16–
10 
 
7.70) across sampling periods (Table 1.2). 
 I excluded abiotic factors as covariates in one-way analysis of variance of SAV 
biomass due to detected treatment effects in some sampling periods and all sampling 
periods for salinity. Additionally, I did not detect a significant relationship between SAV 
biomass and salinity within sampling periods of August 2016 (F1,18 = 0.01, P = 0.911, r
2
 
= 0.001), November 2016 (F1,18 = 0.15, P = 0.700, r
2
 = 0.009), January 2017 (F1,18 = 
1.24, P = 0.281, r
2
 = 0.064), and April 2017 (F1,18 = 1.32, P = 0.266, r
2
 = 0.068). 
However, I detected a treatment effect on SAV biomass for August 2016 (F1,16 = 7.66, P 
= 0.014) with SAV mean biomass 3.78 times greater in PD than CD MTIs (Table 1.3). 
Treatment effect was not significant in November 2016–April 2017, but SAV mean 
biomasses trended 1.24–4.19 times greater in PD than CD MTIs (0.202 ≤ P ≤ 0.593; Fig. 
1.6). 
DISCUSSION 
 Since the 1950s, intensive wetland management to encourage SAV for waterfowl 
forage has been conducted (Baldwin 1956). Nevertheless, my study was the first in the 
South Atlantic coast to compare drawdown management strategies on SAV biomass. 
Submersed aquatic vegetation biomass was greater in PD MTIs than CD MTIs in August 
2016 with no detected treatment effect in subsequent sampling periods, resulting in a 
conditional rejection of my null hypothesis. Mean SAV biomass was greatest in August 
2016, regardless of treatment, and exhibited a decline in November 2016 through January 
2017 before increasing in April 2017. Biomass estimates are likely conservative due to 
72% efficiency of SAV sampling methodology (N.M. Masto and B.A. Bauer, 
11 
 
unpublished data). Previous studies also have documented monthly variation in 
widgeongrass biomass (Pulich 1985, Cho and Poirrier 2005, Hartke at al. 2009). In my 
study, the conspicuous reduction of widgeongrass due to wind and wave action and 
flooding from Hurricane Matthew (8 October 2016) was obvious. During the November 
2016 sampling period, I observed mats of widgeongrass displaced along dike banks and 
complete absence of SAV within multiple study MTIs previously documented to support 
widgeongrass. Additionally, remaining stocks of SAV were presumably exploited by 
ducks and American coots during winter 2016–2017 after the hurricane (Prevost et al. 
1978). Hartke et al. (2009) reported a 19% loss of total widgeongrass biomass between 
October 1998–November 1998 and October 2001–November 2001 was attributable to 
foraging waterbirds. Winter senescence also was a likely cause of decreased SAV 
biomass (Cho and Poirrier 2005). Increased ambient and water temperatures and 
photoperiods are presumed to have invigorated SAV growth in April 2017. During this 
sampling period, I observed regenerating widgeongrass in water depths > 10 cm and 
dwarf spikerush in shallow water (< 10 cm) to mudflat conditions. Mean water depths 
within CD MTIs for January 2017 and April 2017 (9.36–46.70 cm) may reflect an 
attempt by managers to stimulate SAV growth for migrant waterfowl. 
 Considering, Hurricane Matthew, waterbird herbivory, and seasonal senescence 
of widgeongrass and other SAV, effects of drawdown treatments were best evaluated 
based on August 2016 biomass estimates. My results indicated that PD produced, on 
average, greater SAV biomass than CD. Proponents of CD management claim desiccated 
substrate conditions encourage widgeongrass seed germination and stabilize soils to 
12 
 
mitigate SAV loss from high wind energy events. However, desiccation has been shown 
to decrease widgeongrass seed viability and final germination rates (Cho and Sanders 
2009). Therefore, I cannot infer any benefits regarding widgeongrass seed germination 
from CD management, based on my study. Anecdotal observations of perceived 
stimulation under these conditions may be the result of the ability of widgeongrass to 
persist under a wide range of environmental conditions (Joanen and Glasgow 1965, 
Mayer and Low 1970, Kantrud 1991). I contend the most substantiated benefit of 
complete drawdowns is consolidation of flocculated soils. As my results indicated, CD 
MTIs exhibited greater soil firmness than PD MTIs for all sampling periods except 
January 2017, and the percentage of average biomass loss was greater in PD MTIs after 
Hurricane Matthew. In impoundments where wave-induced SAV loss is a concern, 
complete drawdowns may be necessary. However, I note that despite increased percent 
loss of SAV in PD MTIs, mean SAV biomass in PD MTIs was greater, on average, than 
CD MTIs due to carry-over effects of greater overall August SAV biomass and other 
unknown factors (e.g., differential waterbird herbivory). 
 Because widgeongrass was the target SAV species within MTIs during my study, 
my discussion of abiotic factors is specific to widgeongrass. Furthermore, sympatric SAV 
species (i.e., dwarf spikerush) lack the extensive body of scientific literature found for 
widgeongrass. 
 Water depth was greatest in August 2016 except for CD MTIs in April 2017. 
Mean water depth decreased from November 2016–January 2017 for all MTIs and 
increased in April 2017. This pattern was consistent with typical management strategy 
13 
 
wherein widgeongrass production is maximized via incremental increases in water depth 
August–October preceding arrival of early fall waterfowl migration followed by gradual 
decreases in water depth for the duration of the wintering waterfowl season to facilitate 
foraging by dabbling ducks (Prevost 1987a, Hagy and Kaminski 2012, Williams et al. 
2018). January 2017 water depths at Bear Island WMA were lowered to concentrate 
dabbling ducks and to stimulate late-season SAV growth to mitigate for SAV losses 
sustained from Hurricane Matthew and provide forage for late-season and migrating 
waterfowl (D. Barrineau, South Carolina Department of Natural Resources, personal 
communication). 
 My results indicated hydrological manipulations concurrent with MTI 
management have an effect on soil firmness. Firmness was significantly greater in CD 
MTIs in August 2016, November 2016, and April 2017; overall, PD MTIs exhibited 
softer soils. Bolduc and Afton (2005) reported similar results comparing unimpounded 
marsh sediments to CD-like managed coastal impoundments in coastal Louisiana. In my 
study, a spike in CD firmness occurred in April 2017, possibly a result of low January 
2017 water levels that may have consolidated soils. Contrary to these observations, 
Kadlec (1986) reported no strong evidence of drawdown effects on soil consolidation in 
freshwater prairie marshes perhaps because of litter and algal accumulation that inhibited 
sediment drying. Strong winds and associated wave action from Hurricane Matthew may 
have removed organic material and caused a scouring effect on wetland substrate 
resulting in increased soil firmness (Hackney and Bishop 1981, Kantrud 1991). Bolduc 
and Afton (2003) provided evidence that salinity may be correlated with sediment 
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physical characteristics, suggesting South Carolina MTI sedimentology may be 
responsive to complex biogeochemical and hydrological interactions.   
Soil firmness likely had minimal impact on overall widgeongrass propagation 
regardless of treatment effect due to its ability to grow in a wide range of sediment 
textures (Kantrud 1991). Presumably, soil firmness is more conducive to widgeongrass 
retention when the plant is rooted in harder, consolidated soil, thus making it increasingly 
resilient to wave action and windthrow (Kantrud 1991). My study supports this 
presumption as evidenced by a 58% decrease in CD SAV biomass compared to a 67% 
decrease in PD MTIs in November 2016 after Hurricane Matthew. Despite the greater 
percent loss of SAV biomass due to Hurricane Matthew, PD MTIs supported more SAV 
biomass, on average, than CD MTIs for all sampling months. 
Water temperature may influence growth and phenology of widgeongrass more 
than other abiotic environmental factors (Kantrud 1991). In North America, 
widgeongrass completes its life cycle within a temperature range of 10–33 
0 
C (Kantrud 
1991). Water temperature in my study varied seasonally, ranging on average from 15–31 
0 
C. The only significant difference between treatments occurred in January 2017, when 
greater temperatures in CD treatments correlated with a respective decrease in water 
depth. Joanen and Glasgow (1965) reported an optimum temperature range of 18–30 
0 
C, 
with widgeongrass growth ceasing below and above this range. Results from my study do 
not suggest existence of any adverse water temperatures within study MTIs that may 
have impacted widgeongrass or other SAV growth. 
Zieman (1982) described widgeongrass as a freshwater species capable of 
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tolerating a wide range of salinities from distilled freshwater to concentrations exceeding 
that of sea water (> 35 ppt; Joanen and Glasgow 1965, Mayer and Low 1970, Kantrud 
1991). Despite well-studied effects of salinity on widgeongrass growth, recommendations 
for salinity management vary in the literature. Joanen and Glasgow (1965) reported no 
difference in growth within a salinity range of 3.7–33.4 ppt with optimum growth 
occurring between 4.7–22.6 ppt, Prevost (1987b) recommended a range of 10–20 ppt, and 
Kantrud (1991) summarized a range of 4.9–11.5 ppt. Water salinities during my study 
ranged, on average, from 2.59–13.99 ppt, with PD exhibiting significantly greater 
salinities than CD MTIs from November 2016–April 2017. Evaporation during partially 
flooded summer conditions can enable soluble salts in the substrate to ascend into the 
water column via capillary action, which may explain the increased salinity levels 
observed in PD MTIs (Kadlec and Smith 1989, Watt et al. 2007). The overall decline in 
salinity from November 2016 to January 2017 may be in response to the infusion of 
freshwater from Hurricane Matthew into the study area watershed. My results indicated 
no relationship between salinity and SAV biomass for all sampling periods. Accordingly, 
it is unlikely that lower salinities observed after Hurricane Matthew had any effect on 
standing crops of SAV. 
 Average water pH occurred within the range of reported widgeongrass tolerance 
(pH 6.0–10.4; Neely 1962, Joanen and Glasgow 1965, Verhoeven 1979). Significant 
differences in water pH between treatments observed in November 2016 and April 2017 
may be due to greater soil pH associated with partial drawdowns; however, I did not 
measure soil pH and cannot explain or make inference on this phenomenon (Wilkinson 
16 
 
1970, Prevost 1987b). Widgeongrass is also sensitive to light attenuation through the 
column from turbidity and interspecific competition with filamentous algae (Cladophora 
spp.) that prevent photosynthesis and inhibit growth and survival (Prevost et al. 1978, 
Kantrud 1991). Despite increased turbidity associated with fine sediments common in 
South Carolina MTIs, I assumed turbidity had minimal impact on SAV production due to 
> 50% mean light availability in shallow water (< 0.5 m) typical in South Carolina MTIs 
(Cho and Poirrier 2005). Cladophora algae are associated with increased temperatures 
and anaerobic conditions common in MTIs during summer months (Epstein and 
Baughman 1986). Such algae were not encountered during my study and were thus not 
considered a factor in SAV productivity and biomass estimates. 
Management recommendations 
 In accordance with my results from August 2016 prior to Hurricane Matthew, I 
recommend partial drawdowns to maximize SAV biomass and associated foraging 
carrying capacities for fall migrating ducks and other waterbirds in coastal South 
Carolina. An additional benefit of PD management was exhibited in increased salinity 
which can facilitate target SAV vigor and suppress undesirable species (Gordon et al. 
1989). Furthermore, PD management alleviates the risks of acidifying impoundment soils 
(Prevost 1987b). However, I also recommend periodic complete drawdowns to 
consolidate flocculent soils and decompose organics to promote rooting by SAV (Kadlec 
1962, Kantrud 1991, Bolduc and Afton 2005). Managers and biologists will need to use 
their discretion in determining drawdown intervals best suited for their respective MTIs 
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Table 1.1 Study site blocks and associated managed tidal impoundments with late spring–
early summer complete or partial drawdowns
a
 that were sampled for submersed aquatic 
vegetation biomass (g[dry]/m2) within the Ashepoo, Combahee, and Edisto Rivers Basin, 
South Carolina, August 2016–April 2017. 
Block Complete drawdown (CD) Partial drawdown (PD) 
Bear Island 
  Wildlife Management Area Eastcut Bluff 
(South Carolina Department 










   
Cheeha Combahee Plantation Buddy’s Square Grandad’s Square 
 
Live Oak Hook 
 
Reservoir Blind Little Hugh 
 
Rice Barn Pretty Pond 
 
  
Nemours Wildlife Foundation 
Plantation 
Lower Miles Swamp Laura’s Pond 
Upper Miles Swamp Snipe Bog 
 
a 
Complete drawdown to dried fissured substrate versus partial, shallow water at substrate level or above 




Table 1.2 Summary statistics for abiotic variables (i.e., water depth [cm], soil firmness, water temperature 
[
0
C], salinity [ppt], and water pH) measured in completely or partially drawndown managed tidal 
impoundments (footnote Table 1.1, n = 20) that were sampled for submersed aquatic vegetation August 






Month ?̅?ab 90% LCL 90% UCL CVc n  ?̅? 90% LCL 90% UCL CV n 
  
Water depth (cm) 
 
          
     August 2016 32.22A 23.87 40.56 14.84 8 
 
41.13A 34.32 47.95 9.48 12 
     November 2016 26.54A 13.96 39.13 27.17 8 
 
25.46A 15.03 35.04 23.45 12 
     January 2017 9.38A 1.74 17.03 46.70 8 
 
22.98B 16.59 29.37 15.93 12 
     April 2017 46.30A 27.90 64.70 22.76 8 
 
29.97A 14.69 45.25 29.20 12 
            
Soil firmness index (0.25 [soft] – 5.00 [firm]) 
           August 2016 3.71A 3.15 4.26 8.63 8 
 
2.70B 2.19 3.20 10.74 12 
     November 2016 3.99A 3.20 4.78 11.28 8 
 
3.21B 2.46 3.96 13.40 12 
     January 2017 3.68A 2.89 4.47 12.23 8 
 
3.43A 2.66 4.20 12.83 12 
     April 2017 4.29A 3.68 4.91 8.16 8 
 
3.30B 2.72 3.88 10.00 12 
            
Water temperature (0C) 
      
     August 2016 29.70A 28.52 30.88 2.29 8 
 
31.05A 30.08 32.02 1.77 12 
     November 2016 17.68A 15.11 20.25 8.31 8 
 
17.03A 14.63 19.43 8.04 12 
     January 2017 19.05A 17.25 20.85 5.41 8 
 
14.98B 13.51 16.46 5.61 12 
     April 2017 26.80A 23.20 30.41 7.69 8 
 
23.51B 19.98 27.05 8.59 12 
            
Salinity (ppt) 
      
     August 2016 10.41A 6.58 14.24 21.04 8 
 
13.20A 9.57 16.84 15.76 12 
     November 2016 6.97A 4.62 9.31 19.23 8 
 
11.36B 9.14 13.57 11.18 12 
     January 2017 2.22A 0.30 4.14 49.55 8 
 
6.93B 5.12 8.75 14.57 12 
     April 2017 5.25A 2.81 7.69 26.67 8 
 
10.63B 8.36 12.90 12.23 12 
            
pH 
      
     August 2016 7.12A 6.21 8.04 7.30 8 
 
7.70B 6.81 8.60 6.62 12 
     November 2016 7.04A 6.60 7.48 3.55 8 
 
7.49B 7.07 7.91 3.20 12 
     January 2017 7.32A 6.44 8.19 6.83 8 
 
7.20A 6.35 8.06 6.81 12 
     April 2017 6.16A 4.71 7.61 13.47 8   7.12A 5.74 8.51 11.24 12 
 
a
 ?̅? reported as least-squares means to adjust for unequal sampling across treatments and block effects. 
b
 Means within sampling periods followed by same capital letters do not differ (P > 0.10). 
c
 CV (%) = (SE / ?̅?) × 100  
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Table 1.3 Summary statistics for submersed aquatic vegetation (SAV) biomass 
(g[dry]/m
2
) measured in completely or partially drawndown managed tidal 
impoundments (footnote Table 1.1, n = 20) that were sampled August 2016–April 2017 
in the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. 
Month 
Complete drawdown   Partial drawdown 
?̅?ab 90% LCL 90% UCL CVc n  ?̅? 90% LCL 90% UCL CV n 
  
August 2016 9.52A -3.41 22.45 77.84 8  35.98B 25.42 46.54 16.81 12 
 
November 2016 4.33A -3.47 12.13 103.23 8  11.43A 4.78 18.07 33.33 12 
 
January 2017 1.35A -3.67 2.88 213.33 8  5.66A 1.56 9.76 41.52 12 
 




 ?̅? reported as least-squares means to adjust for unequal sampling across treatments and block effects. 
b 
Means within sampling periods followed by same capital letters do not differ (P > 0.10). 
c




Fig. 1.1 Study sites (n = 3) sampled for submersed aquatic vegetation (SAV) biomass 
(g[dry]/m
2
) and abiotic variables (i.e., water depth [cm], soil firmness, water temperature 
[
0
C], salinity [ppt], and water pH) measured in completely or partially drawndown 
managed tidal impoundments (footnote Table 1.1, n = 20) August 2016–April 2017 in the 





Fig. 1.2 Unit sampler constructed from a 0.762 m length of schedule 40 PVC pipe with a 
0.33 m inside diameter and 0.086 m
2
 sampling area to define and contain submersed 
aquatic vegetation (SAV) collected in completely or partially drawndown managed tidal 
impoundments (footnote Table 1.1, n = 20) August 2016–April 2017 in the Ashepoo, 
Combahee, and Edisto Rivers Basin, South Carolina. Spring steel cutting teeth riveted to 
the bottom of the sampler facilitated substrate penetration and separation of SAV mats 





Fig. 1.3 Heavy-duty metal rake modified to collect submersed aquatic vegetation (SAV) 
samples from a 0.086 m
2
 circular unit sampler (Fig. 1.2) in completely or partially 
drawndown managed tidal impoundments (footnote Table 1.1, n =20) August 2016–April 
2017 in the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. Removal and 
re-welding of one side of the rake head to face the opposite direction allowed the rake 





Fig. 1.4 Employment of modified rake (Fig. 1.3) to collect of submersed aquatic 
vegetation (SAV) from a 0.086 m
2
 circular unit sampler (Fig. 1.2) from completely or 
partially drawndown managed tidal impoundments (footnote Table 1.1, n = 20) August 
2016–April 2017 in the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. 
The rake was inserted into the unit sampler with the teeth parallel to the substrate and, 
while resting on the substrate surface, spun for 5 full clockwise rotations to collect and 





Fig. 1.5 Meter stick modified with 5.08 cm diameter rubber foot to increase surface area 
resistance in soft substrates to measure soil firmness in completely or partially 
drawndown managed tidal impoundments (footnote Table 1.1, n = 20) August 2016–
April 2017 in the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. 
Firmness was measured by depressing the modified meter stick into the substrate to a 
constant depth of 5 cm with a soil penetrometer (pictured on top) and recorded as in 




Fig. 1.6 Least-squares mean (± SE) submersed aquatic vegetation biomass (g[dry]/m2) 
measured in completely or partially drawndown managed tidal impoundments (footnote 
Table 1.1, n = 20) that were sampled August 2016–April 2017 in the Ashepoo, 





































INFLUENCE OF HYDROLOGICAL MANAGEMENT FOR WIDGEONGRASS  
AND 
OTHER SUBMERSED AQUATIC VEGETATION  
ON 
AQUATIC INVERTEBRATE BIOMASS AND DIVERSITY 
IN SOUTH CAROLINA COASTAL IMPOUNDMENTS 
INTRODUCTION 
 Waterfowl and other waterbirds derive protein, lipids, amino acids, and minerals 
(e.g., calcium) from aquatic invertebrates to fulfill physiological life-cycle processes, 
such as molting, migration, and reproduction (Kaminski and Prince 1981a, Miller 1986, 
Baldassarre and Bolen 2006:147–159, Heitmeyer 2006, Colwell 2010:132). These birds 
exploit foraging sites positively correlated with invertebrate densities, implying habitat 
selection relative to invertebrate and other food resource availability and accessibility 
(Kaminski and Prince 1981a, Murkin and Kadlec 1986, Euliss et al. 1991, Colwell and 
Landrum 1993, Safran et al. 1997). Early waterfowl diet studies likely underestimated 
importance of invertebrates and were biased toward less digestible plant tissue and seeds, 
because diet samples originated from gizzards instead of esophagi (Swanson and 
Bartonek 1970). 
 Habitats and foods obtained by waterfowl on wintering grounds may influence 
reproductive propensity and success (Schroeder 1973, Chabreck 1979, Heitmeyer 2006, 
Sedinger and Alisauskas 2014, Osnas et al. 2016). Protein and energetic requirements of 
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waterfowl also apply to shorebirds. Shorebird gastrointestinal morphology has evolved to 
derive protein and other nutrients from invertebrates (Colwell 2010:36–37). Intraspecific 
shorebird digestive morphology is adaptable to seasonal variations in food 
availability/accessibility and prey types (e.g., soft- versus hard-bodied invertebrates; 
Piersma et al. 1993, Battley and Piersma 1995). Shorebirds allocate most of their time-
energy budgets during migratory stop-overs to foraging for benthic invertebrates—
replenishing energy and other nutrient reserves required to complete continental and 
hemispheric-scale migrations, survive, and reproduce (Myers et al. 1987, Lyons and Haig 
1995, Colwell 2010:138–139). Additionally, shorebirds basal metabolic rates are greater 
than comparably sized nonpasserines (Colwell 2010:37), and most shorebird nutrient 
requirements are fulfilled almost exclusively by invertebrate resources (Kersten and 
Piersma 1987, Skagen and Oman 1996, Weber and Haig 1997, Piersma et al. 2003). 
Moreover, because of shorebirds’ relatively small body size, most species exhibit 
“income” rather than “capital” nutrient acquisition strategies, thus requiring encountering 
suitable foraging patches daily to acquire foods and associated nutrients to enable 
continued migration and other concomitant life-cycle functions (Drent and Daan 1980, 
Klaassen et al. 2001, Morrison and Hobson 2004). 
 Approximately 30,000 hectares of managed tidal impoundments (MTIs) occur in 
coastal South Carolina (Morgan et al. 1975, Tiner 1977, Miglarese and Sandifer 1982, 
Tompkins 1986a). The majority of these wetlands originated during the 17–19
th 
centuries, 
when large swaths of tidal and forested wetlands were impounded and converted to rice 
fields (Tompkins 1986b, Beach 2014:27–28, Folk 2018). Rice eventually lost economic 
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viability in the early 20
th
 century resulting in purchase and re-purposing of rice 
plantations for recreational waterfowl hunting (Beach 2014:45–49, Folk et al. 2018). 
Maintained dikes and water-control structures (aka trunks) were a consequence of this 
land-use conversion that yielded substantial wintering and migration stop-over habitat 
and conservation implications for waterfowl and other waterbird species (Folk 2018, 
Wiggers et al. 2018). 
 Literature is rich with waterbird use of managed wetlands versus natural marsh 
(Burger et al. 1982, Weber and Haig 1996, Gordon et al. 1998, Ma et al. 2010, 
Fitzsimmons et al. 2012). Studies conducted in South Carolina suggest waterfowl 
preferentially use MTIs managed for submersed aquatic vegetation (SAV), particularly 
widgeongrass (Ruppia maritima; Perry and Uhler 1982, Gray et al. 1987, Swiderek et al. 
1988, Epstein and Joyner 1998, Gordon et al. 1998). Wintering waterfowl utilize MTIs 
primarily for feeding and loafing (Gordon et al. 1989, 1998). 
 Non-game waterbirds, particularly shorebirds, also use MTIs disproportionately 
over natural marsh in South Carolina (Marsh and Wilkinson 1991, Boettcher et al. 1995, 
Weber and Haig 1996, Epstein and Joyner 1998, Nareff 2009). Epstein and Joyner (1986) 
reported shorebirds comprised 53% of waterbird use of South Carolina MTIs. The timing 
of spring drawdowns, concurrent with traditional waterfowl forage management 
practices, coincides with northward migration of shorebirds that exploit invertebrate 
resources made available by rescinding water levels. Non-breeding shorebird time-
activity budgets are primarily allocated to foraging, suggesting South Carolina coastal 
impoundments managed for widgeongrass and other SAV support invertebrate 
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communities important to migrating and resident shore- and other waterbirds (Goss-
Custard 1977, Weber and Haig 1996, Fasola and Biddau 1997). 
 Macrophytes and aquatic invertebrates exhibit distinct associations (Krull 1970, 
Wenner and Beatty 1988, Batzer 2013). Stands of SAV support high densities of infaunal 
and epifaunal attached invertebrates (Stoner 1980, Knowles and Bell 1998, Keats and 
Osher 2007, Strayer and Malcom 2007). Macrophytic composition and structure have 
been shown to affect invertebrate composition, abundance, and density (Voigts 1976, 
Wenner and Beatty 1988, Lui et al. 2002). Experimental manipulations to increase 
emergent vegetation and open water interspersion have resulted in enhanced production 
of invertebrates in managed wetlands (Kaminski and Prince 1981b, Gray et al. 1999, 
Hagy and Kaminski 2012). However, studies investigating invertebrate responses to 
vegetative manipulations in managed wetlands have yielded varying and sometimes 
contradictory or non-repeatable results (Batzer 2013). de Szalay et al. (1996) and 
Kostecke et al. (2005) reported no significant differences in invertebrate communities in 
response to mowed, burned, disked, and grazed treatments. Batzer and Resh (1991) and 
de Szalay and Resh (1997) demonstrated invertebrate response to burning treatments and 
trophic interactions, but were unable to replicate their results. In contrast, multiple studies 
indicated positive aquatic invertebrate-macrophyte associations in response to vegetative 
manipulations (Sherfy 1999, Hagy and Kaminski 2012, Batzer 2013). 
 Hydrology is a primary environmental driver of wetland systems (Bataille and 
Baldassarre 1993, Jeffries 1994, Batzer 2013). Hydroperiods influence aquatic 
invertebrate community composition, colonization, growth, development, and persistence 
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in impoundments (Kenow and Rusch 1989, Rehfisch 1994, Anderson and Smith 2000, 
Stocks and Grassle 2003, Wrubleski 2005). The primary objective of MTI management 
in South Carolina is to produce native vegetative forage for wintering waterfowl via 
seasonal water level manipulations which encourages growth and propagation 
widgeongrass and other SAV (e.g., dwarf spikerush [Eleocharis parvula]; Tompkins 
1986a, Gordon et al. 1989). Management techniques vary among managers, MTIs, and 
objectives, but generally involve a cycle of winter flooding, gradual spring drawdown, 
constant drawdown conditions through early-to-mid-summer, and gradual inundation 
mid-summer through fall (Williams et al. 2018). Late spring–early summer drawdown 
conditions have evolved into two distinct practices (Prevost 1987). Prior to reflooding, 
complete drawdown results in exposed desiccated substrate that fissures and decomposes 
organics over a period of 2–4 weeks; whereas, partial drawdown maintains saturated soil 
and/or shallow water (≤ 10 cm) for 2–4 weeks. 
 Extensive research has been conducted throughout the Northern Prairie Region 
(e.g., Murkin and Ross 2000) and Lower Mississippi Alluvial Valley (e.g., Fredrickson et 
al. 1995, Foth 2011, Hagy and Kaminski 2012) on managing wetlands to meet the 
energetic and nutrient needs of waterbirds—the rigor of which has not been applied to the 
South Atlantic Flyway. Inconsistent results from wetland management and invertebrate 
studies in freshwater systems indicate spatiotemporal disparity among wetland types and 
management regimes; thus, results are likely inapplicable to brackish wetlands managed 
for widgeongrass and other SAV in coastal South Carolina. Further understanding of 
widgeongrass management as it relates to invertebrate communities in managed brackish 
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impoundments will benefit wildlife management and conservation objectives of the North 
American Waterfowl Management Plan (U.S. Dept. Interior 2012) and U.S. Shorebird 
Conservation Plan: Southeastern Coastal Plains–Caribbean Region (Hunter et al. 2002). 
 I conducted an observational study in coastal South Carolina MTIs during 2016–
2017 to test effects of complete late spring–early summer water drawdown (CD) in MTIs, 
partial late spring–early summer water drawdown (PD) in MTIs, and unmanaged tidal 
marsh (control, UM) on: (1) benthic aquatic invertebrate biomass (g[dry]/m
2
) in UM and 
MTIs, (2) benthic and epifaunal invertebrate biomass combined in MTIs, and (3) 
order/familial invertebrate diversity (Shannon H′; Hair 1980) in MTIs and UM. I 
hypothesized benthic invertebrate biomass and diversity would be greater in PD 
treatments than CD and UM due to the summer hydroperiod in MTIs that maintained 
saturated soils or shallow water and increased SAV biomass (Chapter 1, Murkin and 
Kadlec 1986, Batzer and Wissinger 1996, Anderson and Smith 2000). I also hypothesized 
that benthic invertebrate biomass would be greater in MTIs than UM, based on results 
reported by Weber and Haig (1996) comparing invertebrate abundance from similar 
wetlands in South Carolina. Finally, I hypothesized that total invertebrate biomass and 
diversity would be greater in PD than CD MTIs and total invertebrate biomass and 
diversity would be positively associated with SAV biomass (Chapter 1, Krull 1970, 
Stoner 1980, Batzer and Wissinger 1996). 
METHODS 
Study area 
 My study was conducted across three properties in Beaufort and Colleton counties 
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within the coastal plain of South Carolina in the Ashepoo, Combahee, and Edisto Rivers 
Basin (ACE Basin; Table 2.1, Fig. 2.1). The ACE Basin is a large estuarine system 
encompassing 182,115 hectares located between the cities of Charleston and Beaufort, 
South Carolina (SCDNR 2011). Study sites included privately owned Nemours Wildlife 
Foundation and Cheeha Combahee Plantations and the state-owned Bear Island Wildlife 
Management Area (WMA; Fig. 2.1). The Combahee River supplied water to Nemours 
Wildlife Foundation and Cheeha Combahee Plantation MTIs. Water for Bear Island 
MTIs was supplied by the Ashepoo River for western units and the South Edisto River 
for eastern units. Selected properties contained MTIs employing both CD and PD 
drawdown management for SAV production with salinity gradients ranging from 
intermediate (1–5 ppt) to brackish (5–20 ppt). 
Study design, invertebrate collection, and processing 
 I implemented a complete block design to account for possible spatial variability 
in invertebrate and SAV among blocks/sites, randomly selected 20 (33%) of 60 candidate 
MTIs (blocks and n MTIs: Bear Island WMA, n = 8; Cheeha Combahee Plantation, n = 
8; Nemours Wildlife Foundation Plantation, n = 4), and balanced CD and PD drawdown 
treatments at each site except Bear Island WMA, which included 6 PD and 2 CD MTIs 
because of availability of these treatment MTIs at this site (Table 2.1). The imbalance at 
Bear Island WMA occurred due to a shift from CD to PD management prior to my study. 
I also randomly selected 10 sampling sites within unmanaged tidal marsh adjacent to 
MTI sites to provide control sites for each block and sampling period. These sites were 
distributed across elevational and vegetative gradients ranging from low marsh mudflats 
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subjected to daily tidal amplitudes of ± 1–2 m to periodically inundated high marsh salt 
pannes. 
 I sampled and collected benthic and epifaunal invertebrates at each of 10 
randomly selected sites within MTIs and benthic invertebrates in control tidal marsh 
because of absence of SAV in tidal marsh sites. I sampled in August 2016, November 
2016, January 2017, and April 2017, because I desired to estimate invertebrate biomass 
and diversity in late summer before arrival of early migratory waterfowl and other 
waterbirds, during winter, and in spring coincident with shorebird migrations. 
 I collected benthic invertebrates from the uppermost 5 cm of substrate of MTIs 
and control marsh using a 5-cm diameter beveled schedule 40 PVC pipe (Weber 1994, 
Sherfy et al. 2000). Simultaneously, I collected SAV and attached epifaunal invertebrates 
on a random azimuth within 1 m of the paired benthic core sample sites, using a circular 
unit sampler with a constrained quantifiable sample area (Obernuefemann 2007) and 
while minimizing disturbance between these sample sites. I constructed the unit sampler 
from a 0.762-m length of schedule 40 PVC pipe with an outside diameter of 0.36 m, 
inside diameter of 0.33 m, and sampling area of 0.086 m
2
 (Fig. 2.2). I riveted metal 
cutting teeth fabricated from spring steel along the bottom of the sampler to facilitate 
substrate penetration and separation of SAV mats (Fig. 2.2). I also attached rope carrying 
handles for ease of transportation (Fig. 2.2). 
 I extracted SAV and attached epifauna from the unit sampler with a modified 
heavy-duty metal rake (Bully Tools 40 cm level head rake, Steubenville, Ohio; Rodusky 
et al. 2005, Skogerboe et al. 2008, Johnson and Newman 2011; Fig. 2.3). One side of the 
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rake head was removed and re-welded facing the opposite direction in addition to 
trimming both ends of the rake head to fit within the unit sampler (Fig. 2.3). These 
modifications allowed the rake teeth to turn in the same direction when rotated in a 
clockwise motion to extract SAV and attached epifauna from the unit sampler. I inserted 
the rake into the unit sampler with the teeth resting on the substrate surface and spun it 
for five full clockwise rotations enabling collection and extraction of SAV within the unit 
sampler (Fig. 2.4). I placed samples in plastic freezer bags and transported them on ice to 
the laboratory where samples were stored in a freezer until processed. 
 I allowed samples to thaw at room temperature prior to washing through a series 
of sieves decreasing in aperture size from 12.7 mm to 500 µm to remove organics and 
debris while retaining benthic and epifaunal invertebrates (Foth et al. 2012). I washed 
SAV until invertebrates were no longer detected in 500 µm sieves. I dried washed SAV 
samples to constant mass (g) in a laboratory oven at 70
0
 C for 48–72 hours and weighed 
dried samples of SAV biomass (g[dry]/m
2
) with a 0.1 mg digital balance (Whigham et al. 
2002; Fig. 2.5). I transferred invertebrate samples to 27.94 x 35.56 cm white plastic photo 
developing trays where they were sorted, counted, and identified to order or family 
according to Merritt et al. (2008) and Thorp and Covich (2010). I deemed lowest 
practical invertebrate identification to order- or family-level as sufficient taxonomic 
resolution for comparisons of biomass and diversity among treatments (Murkin et al. 
1996, Stocks and Grassle 2003, Bozzuto and Blanckenhorn 2017). I preserved 
invertebrate samples in a 90% ethanol solution until I dried them to constant mass (g) in a 
laboratory oven at 60
0 





) with a 0.1 mg digital balance. I reported benthic invertebrate 
biomass for each MTI as the mean of subsample biomasses per individual MTI by 
sampling period. I aggregated mean benthic and epifaunal invertebrate biomasses for 
each MTI to derive respective mean total invertebrate biomass estimates per individual 
MTI by sampling period. 
Abiotic variables and statistical analysis 
 Although I measured abiotic variables concurrent with invertebrate sampling that 
I presumed may influence invertebrate biomass and diversity and reported those methods 
and results in Chapter 1, I excluded abiotic variables from benthic and total invertebrate 
analyses due to confounding treatment effects in some sampling periods and all sampling 
periods for salinity. Nonetheless, I tabulated abiotic variable results for reference 
purposes in Table 2.2. 
 I used PROC MIXED in SAS v9.4 to test effects of treatments (UM, CD, and PD) 
on variation in benthic invertebrate biomass (g[dry]/m
2
), order/familial diversity 
(Shannon H′), and abiotic variables for each sampling period with a random block effect 
(𝛼 = 0.10; SAS Institute, Cary, NC). I used PROC MIXED to conduct a one-way analysis 
of covariance (i.e., SAV biomass = the covariate) to test effects of treatment (CD and PD) 
on total invertebrate biomass and familial/order diversity (Shannon H′) within MTIs with 
a random block effect, while controlling for SAV biomass (𝛼 = 0.10; SAS Institute, Cary, 
NC). I chose an 𝛼 = 0.10, because I deemed 90% probability of not committing a type I 
error was adequate for this management oriented study (Tacha et al. 1982). I tested 
hypotheses on least-squares means to adjust for block effects and treatment imbalance. I 
44 
 
conducted Tukey’s post hoc test to compare significant differences between treatments 
for benthic invertebrate biomass means and diversity indices by sampling period. 
Residual distributions varied in normality; however, I relaxed these assumptions due to 
robustness of the F test for departures from normality (Miller 1997:80–81), and because 
conclusions of F tests were alike using transformed and raw data. I calculated coefficients 
of variation using sample standard error (SE) to index precision of invertebrate biomass, 
abiotic variable, and diversity estimates relative to sample least-squares means: 
CV (%) = (
SE
𝑥 ̅
)  × 100 
I archived benthic and total invertebrate density (n individuals/m
2
) means (± SE) across 
sampling periods for invertebrate taxa collected during my study to provide reference for 
community compositions and temporal dynamics. 
RESULTS 
Benthic invertebrate biomass and diversity 
 Benthic invertebrate biomass in PD MTIs declined over sampling periods; 
whereas, invertebrate biomasses in CD and UM remained relatively stable over periods 
with exception of a spike in CD biomass in January 2017 (Fig. 2.7). Large-bodied benthic 
invertebrate taxa (length ≥ 2.5 cm), specifically bivalves and decapods (e.g., mytilidae 
and ocypodidae, respectively), encountered in unmanaged marsh samples but absent from 
MTIs, were considered non-representative of waterfowl or shorebird diets in my study 
area and censored from biomass analysis to avoid overestimation of resource availability 
(Cramer et al. 2012). I detected a treatment effect on benthic invertebrate biomass for all 
sampling periods: August 2016 (F2,18 = 3.24, P = 0.063), November 2016 (F2,18 = 4.72, P 
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= 0.022), January 2017 (F2,18 = 2.93, P = 0.079), April 2017 (F2,18 = 3.79, P = 0.042; 
Table 2.3). I detected a treatment effect on benthic invertebrate diversity during August 
2016 (F2,18 = 6.73, P = 0.007), November 2016 (F2,18 = 3.39, P = 0.056), and April 2017 
(F2,18 = 5.64, P = 0.013; Table 2.3). Benthic invertebrate mean biomass in PD MTIs was 
13.32, 10.55, and 4.06 times greater than CD during August 2016, November 2016, and 
April 2017, respectively (Table 2.3). Benthic invertebrate biomass in PD and CD MTIs 
were 4.76 and 4.80, respectively, greater than UM biomass in January 2017 (Table 2.3). 
The PD MTIs exhibited greater benthic invertebrate diversity than CD MTIs in August 
2016 and both CD MTIs and UM in April 2017 (Table 2.3). Despite a detected effect of 
treatment on diversity in November 2016 (F2,18 = 3.39, P = 0.056), Post hoc pairwise 
comparisons did not indicate a difference among treatments (-2.13 ≤ t18 ≤ 0.51, 0.112 ≤ 
P ≤ 0.868). 
Total invertebrate biomass and diversity 
 Due to lack of SAV in unmanaged marsh in my study sites, only CD and PD 
treatments were tested for total invertebrate biomass and diversity. Total invertebrate 
biomass exhibited similar temporal trends as benthic invertebrate biomass (Fig. 2.8). I 
conducted a one-way analysis of variance for August 2016 due to a treatment effect on 
MTI SAV biomass (Chapter 1) and detected a treatment effect on total invertebrate 
biomass (F1,16 = 7.66, P = 0.014) and diversity (F1,16 = 6.15, P = 0.025; Table 2.4). I also 
detected a treatment effect on total invertebrate biomass for November 2016 (F1,15 = 4.99, 
P = 0.041) and April 2017 (F1,15 = 5.78, P = 0.030), while controlling for SAV biomass 
(Table 2.4). Total invertebrate biomass in PD MTIs was 15.49, 3.03, and 3.34 times 
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greater than CD during August 2016, November 2016, and April 2017, respectively 
(Table 2.4). I detected a significant positive relationship between variation in total 
invertebrate biomass and SAV biomass (covariate) during November 2016 (F1,15 = 14.67, 
𝛽 = 0.31, P = 0.002), January 2017 (F1,15 = 3.31,  𝛽 = 0.12, P = 0.089), and April 2017 
(F1,15 = 14.71, 𝛽 = 0.13, P = 0.002). 
 I detected a treatment effect on total invertebrate diversity during April 2017 
(F1,15 = 8.13, P = 0.012) when controlling for SAV biomass (Table 2.4). I detected a 
significant positive relationship between total invertebrate diversity and SAV biomass 
(covariate) for November 2016 (F1,15 = 14.67, 𝛽 = 0.31, P = 0.002), January 2017 (F1,15 = 
3.31, 𝛽 = 0.12, P = 0.089), and April 2017 (F1,15 = 14.71, 𝛽 = 0.13, P = 0.002). Partially 
drawndown MTIs exhibited significantly greater invertebrate diversity than CD MTIs in 
August 2016 and April 2017 (Table 2.4). 
 Despite the positive associations between total invertebrate biomass and SAV 
biomass, 84% of total invertebrate biomass was derived from benthic samples. 
Furthermore, benthic and total invertebrate biomass trends roughly followed that of SAV 
biomass. Therefore, I conducted a post hoc regression analysis to test the effect of SAV 
biomass on benthic invertebrate biomass, hypothesizing there would be a significant 
positive relationship between these variables. I detected a significant relationship 
between these variables for August 2016 (F1,18 = 4.24, 𝛽 = 0.17, P = 0.054, r
2
 = 0.19), 
November 2017 (F1,18 = 17.90, 𝛽 = 0.33, P ≤ 0.001, r
2
 = 0.50), and April 2017 (F1,18 = 
4.88, 𝛽 = 0.08, P = 0.040, r2 = 0.21). 
Invertebrate taxonomic representation 
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 Benthic and total invertebrate communities were dominated by chironomidae 
larvae (45% and 43%, respectively) and hydrobiidae snails (43% and 46%, respectively; 
Figs. 2.9, 2.10). I aggregated densities of less abundant taxa (≤ 2% of total density) into 
higher taxonomic classifications for reporting, which included annelida (oligochaete and 
polychaete worms), bivalvia (mussels and clams), crustacea (decopods, amphipods, and 
ostracods), and insecta (non-chironomid dipterans, coleopterans, corixidae, odonates, and 
lepidopterans). All taxa exhibited similar temporal trends between benthic (Fig. 2.9) and 
total invertebrates (Fig. 2.10). Hydrobiidae densities peaked in August 2016 and declined 
throughout subsequent sampling periods. Chironomidae densities increased from August 
2016–November 2016 and peaked in January 2017 before exhibiting a decline in April 
2017 (Figs. 2.9, 2.10). 
DISCUSSION 
 My results generally supported my a priori hypotheses. Mean benthic invertebrate 
biomass was greater in PD than CD MTIs during August 2016, November 2016, and 
April 2017. Mean benthic invertebrate biomass was greater in both PD and CD MTIs 
than UM in January 2017. Benthic invertebrate order/familial diversity was greater in PD 
than CD MTIs in August 2016 and greater than both CD MTIs and UM in April 2017. 
Mean total invertebrate biomass was greater in PD than CD MTIs during August 2016, 
November 2016, and April 2017 while total invertebrate diversity was greater in PD than 
CD MTIs in August 2016 and April 2017. Total invertebrate biomass and diversity was 
positively associated with SAV biomass in November 2016, January 2017, and April 
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2017. Total invertebrate biomass estimates are likely conservative due to 72% efficiency 
of SAV sampling methodology (N.M. Masto and B.A. Bauer, unpublished data). 
 I observed variation in invertebrate biomass among months perhaps related, to 
rapid invertebrate life-cycle turnover rates, waterbird predation effects typical of 
managed wetlands, and Hurricane Matthew on 8 October 2016 (MacKay et al. 1990, 
Anderson and Smith 2000). Chironomid larvae and hydrobiid snails dominated benthic 
and total invertebrate communities. Both taxa are diverse and widespread in freshwater 
and brackish wetlands across North America (Thorp and Covich 2010:282, 640). My 
estimates of invertebrate biomass and diversity may be conservative, because I was 
unable to determine (1) if my sampling devices completely extracted invertebrates from 
sample sites, (2) if my sieving or other processing procedures may have destructed 
invertebrates and thus resulted in my incomplete recovery and enumeration of them (e.g., 
Hagy et al. 2011), (3) if my classification to order instead of family for some 
invertebrates reduced taxa richness, or (4) if preservation of invertebrates in ethanol may 
have reduced their fresh mass (Stanford 1973, Murkin et al. 1996). Additionally, UM 
invertebrate samples were relatively depauperate and possibly biased towards heavy-
bodied bivalves and decapods within my a priori criteria (length ≤ 2.5 cm). 
 Studies have indicated dewatering has an adverse effect on benthic aquatic 
macroinvertebrates across varying wetland types (Kadlec 1962, Haxton and Findlay 
2008, Poznańska et al. 2015). Summer drawdowns also have been shown to reduce size 
and densities of benthic chironomids, and reduced invertebrate densities have been 
observed immediately following dewatering (Wills et al. 2006, Rose and Mesa 2013). 
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Anderson and Smith (2000) reported an increase in aquatic invertebrates in Texas playa 
wetlands managed with spring-summer moist-soil conditions and longer hydroperiods, 
and Murkin and Kadlec (1986) observed increased benthic invertebrate densities in 
response to deep flooding in experimental impoundments in Delta Marsh, Manitoba. 
However, Wenner (1986) reported little evidence of summer drawdown effects on 
benthic invertebrate composition and densities in South Carolina MTIs. 
 Benthic and total invertebrate biomasses were greater in PD MTIs than CD MTIs 
in August 2016, mostly due to increased hydrobiid snail densities in these MTIs. Small 
caenogastropods are sensitive to substrate drying and not likely to persist, post-
drawdown, within CD MTIs as inferred from results presented by Poznańska et al. 
(2015). The overall effect of drawdown may be confounded by greater SAV biomass 
observed in PD MTIs in August 2016, wherein increased macrophytic periphyton food 
resources may have contributed to increased hydrobiid densities (Thorp and Covich 
2010:287, Fig. 2.5). Conversely, the presence of hydrobiids in PD MTIs may have 
positively affected SAV biomass in August 2016 due to grazing effects on competing 
filamentous algae (Cladophora spp.), thus enhancing stand vigor (Thorp and Covich 
2010:287). I observed a peak in chironomid densities in January 2017, possibly due to a 
rapid turn-over response to decreased water depths within CD MTIs (Table 2.2, Figs. 2.9, 
2.10; Murkin and Kadlec 1986, Batzer et al. 1997). 
 My results were similar to previous studies wherein increased invertebrate 
diversity was reflective of increased hydroperiods (Neckles et al. 1990, Batzer and Resh 
1992, Moorhead et al. 1998, Anderson and Smith 2000). Furthermore, PD MTI benthic 
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and total invertebrate diversity indices trended upward throughout sampling periods. 
Benthic and total invertebrate diversity indices in CD MTIs peaked in January 2017 
before exhibiting a decline in April 2017 perhaps due to decreased water levels that may 
have set back invertebrate community succession (Moorhead et al. 1998). Prolonged 
hydroperiods ultimately may have a detrimental effect on invertebrate biomass and 
diversity related to establishment of predatory aquatic invertebrates (i.e., Odonata) and 
fish (i.e., Gambusia spp.; Reid 1983, Neckles et al. 1990). However, I contend that 
gradual spring drawdowns and partial late spring–early summer drawdowns that maintain 
moist soil or shallow water (≤ 10 cm) conditions are suitable for regulating 
aforementioned predation effects. 
 An implicit objective of late spring–early summer dewatering in MTIs is soil 
consolidation; thus, I expected carry-over effects on substrate firmness. A spike in CD 
firmness occurred in April 2017—possibly a result of low January 2017 water levels that 
may have consolidated soils. Bolduc and Afton (2005) reported similar results comparing 
sediments from unimpounded marsh to those from CD-like managed coastal 
impoundments in coastal Louisiana. Contrary to these observations, Kadlec (1986) 
reported no strong evidence of drawdown effects on soil consolidation in freshwater 
prairie marshes. Strong storm events, as experienced from Hurricane Matthew, also may 
have scoured and removed organic material from sample sites, which may also have 
influenced benthic invertebrate communities after the hurricane (Hackney and Bishop 
1981, Kantrud 1991, Bolduc and Afton 2005). I presumed increased soil firmness 
exhibited in CD MTIs in August 2016 were attributable to soil consolidation resultant 
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from complete drawdowns. 
 Consolidation results in compaction of fine sediments, cementing of organic 
material, and decreased water-holding capacity in addition to immediate effects of 
environmental desiccation, thereby creating stressful or uninhabitable conditions for 
aquatic benthic invertebrates (Bolduc and Afton 2005, Colwell 2010:147-148). 
Therefore, invertebrate communities in these systems ultimately re-colonize with the 
onset of flooding (Murkin and Kadlec 1986, Anderson and Smith 2000). Alternatively, 
PD MTIs likely maintained intact invertebrate assemblages throughout summer resulting 
in increased biomass exhibited in August 2016 (Batzer and Wissinger 1996, Anderson 
and Smith 2000). 
 Submersed aquatic vegetation was positively related to total invertebrate biomass 
and diversity for all sampling periods except August 2016, when SAV biomass was 
excluded as a covariate because of associated treatment effects on SAV biomass. 
Increased peak total invertebrate biomass, largely from hydrobiid snails in August 2016, 
corresponded with peak SAV production for the same sampling period with PD MTIs 
containing significantly greater SAV biomass than CD MTIs (Fig. 2.5). Removal of SAV 
and attached epifauna due to Hurricane Matthew, waterbird herbivory and natural 
senescence likely reduced total invertebrate biomass. My results also indicated that SAV 
biomass significantly contributed to benthic invertebrate biomass; thus, I accepted my 
post hoc hypothesis that benthic invertebrate biomass generally exhibited a significant 
positive relationship with SAV biomass. The lack of a detected relationship between 
SAV and benthic invertebrate biomass in January 2017 may be attributable to decreased 
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standing crops of SAV in MTIs observed during that sampling period (Fig. 2.5). 
 My results support previous studies regarding positive relationships between SAV 
biomass and aquatic macroinvertebrate biomass and diversity (Krull 1970, Stoner 1980, 
Strayer and Malcom 2007). Furthermore, dominant invertebrate taxa in my study 
(Hydrobiidae and Chironomidae) did not exhibit confinement to either benthic or SAV 
strata, thus suggesting these organisms occupy a continuum of aquatic habitat wherein 
sediment substrates and associated food resources may be enhanced with the presence of 
supplemental habitat and periphyton associated with SAV in my study MTIs and similar 
MTIs in the region. 
Management implications and recommendations 
 My results indicated late spring–early summer hydrological manipulations 
influence benthic and total aquatic macroinvertebrate biomass and diversity before, 
during, and after the arrival of migratory waterfowl and shorebirds in my study MTIs and 
similar MTIs within the ACE Basin, South Carolina, 2016–2017. Furthermore, results 
from my study suggest that SAV biomass is an important influence of aquatic 
macroinvertebrate biomass and diversity in South Carolina MTIs. Increased benthic and 
total invertebrate biomasses and diversity exhibited in PD MTIs during August 2016 may 
be due to softer substrate conditions and prolonged hydroperiods that maintained aquatic 
invertebrate communities throughout the summer. Additionally, PD MTIs contained 
greater SAV biomass than CD MTIs during August 2016; thus, enhancing invertebrate 
biomass, diversity, and overall foraging carrying capacities for late summer–fall 
migrating ducks and other waterbirds. The additive effects of a stable summer 
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hydroperiod and resulting increased SAV and invertebrate biomasses presumably 
impacted subsequent sampling periods as indicated by similar results of greater 
invertebrate biomass and diversity observed in PD MTIs in April 2017, thus enhancing 
overall foraging carrying capacities for spring migrating shorebirds and other waterbirds. 
 I recommend partial drawdowns in MTIs to maximize available energy and 
nutrient resources (i.e., protein and calcium) associated with increased aquatic 
macroinvertebrate biomass and diversity for late summer–fall and spring migrating 
waterbirds in coastal South Carolina. I also recommend those practices that best promote 
the growth and maintenance of widgeongrass and other SAV to further maximize 
invertebrate biomass and diversity and ultimately enhance dietary resources that may 
promote survival and reproductive success of waterbirds. However, I also recommend 
periodic complete drawdowns to regulate predatory aquatic invertebrates and fish and 
consolidate soils, because flocculence deters SAV rooting and retention (Kadlec 1962, 
Kantrud 1991, Bolduc and Afton 2005, Neckles et al. 1990, Batzer and Wissinger 1996). 
Wetland managers will need to use their discretion in determining drawdown intervals 
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Table 2.1 Study site blocks and associated managed tidal impoundments with late spring–
early summer complete or partial drawdowns
a
 and unmanaged marsh control sites that 
were sampled for aquatic macroinvertebrate biomass (g[dry]/m2) and diversity (Shannon 
H′) within the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina, August 
2016–April 2017. 
 
  Managed tidal impoundments (MTIs) 
Unmanaged marsh (UM) Block Complete drawdown (CD) Partial drawdown (PD) 
Bear Island 
  
Sites (n = 10) adjacent to 
MTIs, randomly selected 
by block for each 
sampling period: August 
2016, November 2016, 
January, 2017, April 
2017. 
Wildlife Management Area 




 Lower Pine 
 





Cheeha Combahee Plantation 
  
 
Buddy's Square Grandad's Square 
 
Live Oak Hook 
 
Reservoir Blind Little Hugh 
 
Rice Barn Pretty Pond 
Nemours Wildlife Foundation 
Plantation 
  
Lower Miles Swamp Laura's Pond 
  
Upper Miles Swamp Snipe Bog 
 
a 
Complete drawdown to dried fissured substrate versus partial, shallow water at substrate level or above 







Table 2.2 Summary statistics for abiotic variables (i.e., water depth [cm], soil firmness, water temperature [
0
C], salinity [ppt], and water pH) measured 
in unmanaged marsh (n = 3) and completely or partially drawndown managed tidal impoundments (footnote Table 2.1, n = 20) that were sampled for 







   
Month ?̅? 90% LCL 90% UCL CVa n  ?̅? 90% LCL 90% UCL CV n  ?̅? 90% LCL 90% UCL CV n 
    
Water depth (cm)                       
 
          
     August 2016 14.80 1.56 28.04 51.62 3 
 
32.22 24.11 40.32 14.53 8 
 
41.13 34.51 47.75 9.29 12 
     November 2016 0.23 -18.76 19.23 4760.87 3 
 
26.40 14.69 38.10 25.57 8 
 
25.39 15.79 34.99 21.82 12 
     January 2017 5.30 -6.39 16.99 127.17 3 
 
9.35 2.16 16.55 44.39 8 
 
22.75 16.85 28.65 14.95 12 
     April 2017 3.10 -24.60 30.80 515.16 3 
 
46.47 29.30 63.63 21.30 8 
 
30.04 15.88 44.19 27.16 12 
 
      
           
Substrate compaction (0.25 [soft]–5.00 [firm]) 
            
     August 2016 4.03 3.29 4.76 10.42 3 
 
3.71 3.16 4.25 8.36 8 
 
2.71 2.21 3.21 10.70 12 
     November 2016 4.03 3.14 4.92 12.66 3 
 
3.95 3.28 4.63 9.87 8 
 
3.16 2.54 3.78 11.39 12 
     January 2017 3.66 2.83 4.48 13.11 3 
 
3.61 3.03 4.18 9.14 8 
 
3.32 2.81 3.84 9.04 12 
     April 2017 3.83 3.10 4.55 10.97 3 
 
4.23 3.78 4.68 6.15 8 
 
3.19 2.82 3.57 6.58 12 
 
      
           
Water temperature (0C) 
                
     August 2016 27.63 25.59 29.68 4.27 3 
 
29.70 28.45 30.95 2.42 8 
 
31.05 30.03 32.07 1.90 12 
     November 2016 15.47 12.32 18.62 11.70 3 
 
17.66 15.25 20.07 7.87 8 
 
17.07 14.84 19.31 7.56 12 
     January 2017 17.57 14.36 20.78 10.53 3 
 
19.05 17.08 21.02 5.93 8 
 
14.98 13.38 16.59 6.21 12 
     April 2017 23.24 19.33 27.16 9.72 3 
 
26.81 23.23 30.39 7.68 8 
 
23.59 20.08 27.10 8.56 12 

















      
Month ?̅?  90% LCL 90% UCL CVa n  ?̅? 90% LCL 90% UCL CV n  ?̅? 90% LCL 90% UCL CV n 
    
Salinity (ppt) 
                 
     August 2016 16.07 11.39 20.74 16.80 3 
 
10.41 6.53 14.29 21.52 8 
 
13.11 9.39 16.82 16.32 12 
     November 2016 9.52 5.95 13.09 21.64 3 
 
7.21 4.72 9.70 19.83 8 
 
11.45 9.23 13.66 11.18 12 
     January 2017 4.92 1.57 8.26 39.23 3 
 
2.44 0.14 4.73 54.10 8 
 
6.84 4.81 8.88 17.11 12 
     April 2017 8.53 5.12 11.94 23.09 3 
 
5.32 2.70 7.95 28.38 8 
 
10.52 8.08 12.97 13.40 12 
                  
pH 
                 
     August 2016 6.70 5.81 7.59 7.61 3 
 
7.15 6.39 7.91 6.15 8 
 
7.75 7.02 8.48 5.42 12 
     November 2016 7.53 7.03 8.04 3.85 3 
 
7.05 6.68 7.43 3.12 8 
 
7.51 7.17 7.86 2.66 12 
     January 2017 6.78 5.90 7.66 7.37 3 
 
7.34 6.67 8.11 5.99 8 
 
7.23 6.48 7.98 5.95 12 
     April 2017 5.97 4.21 7.74 17.09 3 
 
6.13 4.61 7.65 14.36 8 
 
7.09 5.62 8.56 11.99 12 
                  
 
a




Table 2.3 Summary statistics for benthic aquatic macroinvertebrate biomass (g[dry]/m
2
) 
and order/familial diversity (Shannon H') measured in unmanaged marsh (UM; n = 3) and 
completely (CD) or partially (PD) drawndown managed tidal impoundments (footnote 
Table 2.1, n = 20) that were sampled August 2016–April 2017 in the Ashepoo, 
Combahee, and Edisto Rivers Basin, South Carolina. 
    
Biomass (g[dry]/m2) 
  
Diversity (Shannon H') 
   




 90% CI CV 
 
August 2016 
       UM 3 1.54AB -6.74, 9.82 309.74 
 
0.10AB -0.01, 0.20 60.00 
CD 8 0.73A -4.34, 5.80 400.00 
 
0.07A -0.01, 0.15 71.43 
PD 12 9.72B    5.58, 13.86 24.59 
 
0.21B  0.13, 0.28 23.81 
 













UM 3 1.22AB -3.43, 5.87 219.67 
 
0.17AB -0.01, 0.35 58.82 
CD 8 0.64A -2.20, 3.49 256.25 
 
0.23AC  0.12, 0.34 26.09 
PD 12 6.75B  4.42, 9.07 19.85 
 
0.40BC  0.32, 0.49 12.50 
 













UM 3 0.85A -1.33, 3.03 148.24 
 
0.39AB 0.17, 0.60 30.77 
CD 8 4.08B  2.70, 5.46 19.61 
 
0.37AC 0.23, 0.50 21.62 
PD 12 4.05B  2.90, 5.21 16.54 
 
0.47BC 0.36, 0.58 12.77 
 













UM 3 0.49AB -1.95, 2.93 287.76 
 
0.17A -0.07, 0.42 82.35 
CD 8 0.88A -0.62, 2.37 97.73 
 
0.18A  0.03, 0.33 50.00 
PD 12 3.57B  2.35, 4.79 19.61 
 
0.52B  0.40, 0.65 13.46 
         
 
a 
Least-squares means within sampling periods followed by same capital letters do not differ (P > 0.10). 
b
 CV (%) = (SE / ?̅?) × 100 
c 





Table 2.4 Summary statistics for total aquatic macroinvertebrate biomass (benthic and 
epifaunal invertebrates combined; g[dry]/m
2
) and order/familial diversity (Shannon H') 
measured in completely (CD) or partially (PD) drawndown managed tidal impoundments 
(footnote Table 2.1, n = 20) that were sampled August 2016–April 2017 in the Ashepoo, 
Combahee, and Edisto Rivers Basin, South Carolina. 
    
Biomass (g[dry]/m2) 
  
Diversity (Shannon H') 
   




 90% CI CV 
 
August 2016 
       CD 8 0.88A -7.11, 8.87 520.45 
 
0.26A 0.09, 0.43 38.46 
PD 12 13.63B    7.10, 20.15 27.44 
 
0.52B 0.37, 0.67 4.68 
 













CD 8 2.17A -0.46, 4.81 69.12 
 
0.41A 0.23, 0.59 24.39 
PD 12 6.57B  4.43, 8.71 18.57 
 
0.57A 0.42, 0.71 14.04 
 













CD 8 4.53A 3.07, 5.99 18.32 
 
0.52A 0.32, 0.72 21.15 
PD 12 4.05A 2.86, 5.54 16.79 
 
0.58A 0.41, 0.76 17.24 
 













CD 8 1.09A -0.67, 2.85 91.74 
 
0.34A 0.16, 0.52 29.41 
PD 12 3.64B  2.06, 5.22 24.73   0.72B 0.57, 0.86 11.11 
         
 
a 
Least-squares means within sampling periods followed by same capital letters do not differ (P > 0.10). 
b
 CV (%) = (SE / ?̅?) × 100 
c 






Fig. 2.1 Study sites (n = 3) sampled for benthic and total aquatic macroinvertebrate 
biomasses (benthic and epifaunal invertebrates combined; g[dry]/m
2
), diversity (Shannon 
H') and abiotic variables (i.e., water depth [cm], soil firmness, water temperature [
0
C], 
salinity [ppt], and water pH) measured in unmanaged marsh (UM; n = 3) completely or 
partially drawndown managed tidal impoundments (footnote Table 2.1, n = 20) August 






Fig. 2.2 Unit sampler constructed from a 0.762 m length of schedule 40 PVC pipe with a 
0.33 m inside diameter and 0.086 m
2
 sampling area to define and contain submersed 
aquatic vegetation (SAV) associated epifaunal aquatic macroinvertebrates collected in 
completely or partially drawndown managed tidal impoundments (footnote Table 2.1, n = 
20) August 2016–April 2017 in the Ashepoo, Combahee, and Edisto Rivers Basin, South 
Carolina. Spring steel cutting teeth riveted to the bottom of the sampler facilitated 
substrate penetration and separation of SAV mats and rope carrying handles permitted 






Fig. 2.3 Heavy-duty metal rake modified to collect submersed aquatic vegetation (SAV) 
and associated epifaunal aquatic macroinvertebrate samples from a 0.086 m
2
 circular unit 
sampler (Fig. 2.2) in completely or partially drawndown managed tidal impoundments 
(footnote Table 2.1, n =20) August 2016–April 2017 in the Ashepoo, Combahee, and 
Edisto Rivers Basin, South Carolina. Removal and re-welding of one side of the rake 
head to face the opposite direction allowed the rake teeth to face the same direction when 






Fig. 2.4 Employment of modified rake (Fig. 2.3) to collect of submersed aquatic 
vegetation (SAV) and associated epifaunal aquatic macroinvertebrates from a 0.086 m
2
 
circular unit sampler (Fig. 2.2) from completely or partially drawndown managed tidal 
impoundments (footnote Table 2.1, n = 20) August 2016–April 2017 in the Ashepoo, 
Combahee, and Edisto Rivers Basin, South Carolina. The rake was inserted into the unit 
sampler with the teeth parallel to the substrate and, while resting on the substrate surface, 







Fig. 2.5 Least-squares mean (± SE) submersed aquatic vegetation biomass (g[dry]/m2) 
measured in completely or partially drawndown managed tidal impoundments (footnote 
Table 2.1, n = 20) that were sampled August 2016–April 2017 in the Ashepoo, 






































Fig. 2.6 Meter stick modified with 5.08 cm diameter rubber foot to increase surface area 
resistance in soft substrates to measure soil firmness in completely or partially 
drawndown managed tidal impoundments (footnote Table 2.1, n = 20) August 2016–
April 2017 in the Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. 
Firmness was measured by depressing the modified meter stick into the substrate to a 
constant depth of 5 cm with a soil penetrometer (pictured on top) and recorded as in 






Fig. 2.7 Least-squares mean (± SE) benthic aquatic macroinvertebrate biomass 
(g[dry]/m
2
) measured in unmanaged marsh (UM; n = 3) and completely or partially 
drawndown managed tidal impoundments (footnote Table 2.1, n = 20) that were sampled 
















































Fig. 2.8 Least-squares mean (± SE) total aquatic macroinvertebrate biomass (benthic and 
epifaunal invertebrates combined; g[dry]/m
2
) measured in completely or partially 
drawndown managed tidal impoundments (footnote Table 2.1, n = 20) that were sampled 
















































Fig. 2.9 Mean (± SE) benthic aquatic macroinvertebrate density (individuals/m2) by taxa 
measured in unmanaged marsh (UM; n = 3) and completely or partially drawndown 
managed tidal impoundments (footnote Table 2.1, n = 20) that were sampled August 

































































Fig. 2.10 Mean (± SE) total (benthic + epifaunal) aquatic macroinvertebrate density 
(individuals/m
2
) by taxa measured in completely or partially drawndown managed tidal 
impoundments (footnote Table 2.1, n = 20) that were sampled August 2016–April 2017 















































































ENERGETIC CARRYING CAPACITY 
OF 
MANAGED TIDAL IMPOUNDMENTS 
FOR 
DABBLING DUCKS IN SOUTH CAROLINA 
 Bioenergetics models are used to estimate energetic carrying capacity of foraging 
habitats for conservation planning and management of migratory waterfowl in North 
America with the assumption that foraging habitat during the nonbreeding season is a 
limiting population factor (Williams et al. 2014). Energetic use-days (EUD) index 
wetland foraging carrying capacity as the number of days a specified area of habitat may 
sustain waterfowl (e.g., medium-sized dabbling ducks [Anas spp.]; Reinecke et al. 1989, 
Reinecke and Uihlein 2006, Stafford et al. 2011). Such models are required to meet 
management and conservation objectives of the North American Waterfowl Management 
Plan (U.S. Dept. Interior 2012). Currently, EUD estimates are lacking for the South 
Atlantic Flyway region; therefore, I derived EUD estimates from submersed aquatic 
vegetation (SAV; Table 1.3) and aquatic invertebrate (Table 2.4) biomass densities 
presented in Chapters 1 and 2 of this thesis (Bauer 2018) for managed tidal 
impoundments (MTIs) in the Ashepoo, Combahee, and Edisto Rivers Basin (ACE Basin), 




 I calculated energetic density (ED; kcal/ha) for each food type (SAV and 
invertebrates) per treatment by sampling period (Chapters 1 and 2) using the following 
equation: 
EDi = 𝐹𝐷 × 𝑇𝑀𝐸 
wherein i is food type (SAV or invertebrate), FD is food density (i biomass converted to 
kg[dry]/ha; Tables 1.3 and 2.4), and TME is true metabolizable energy of food i 
(kcal/g[dry]). I used widgeongrass (Ruppia maritima) and Chironomidae larvae as 
candidate species for SAV and invertebrate food types, respectively, due to their 
importance as waterfowl forage, prevalence in my samples, and availability of TME data 
(Sherfy 1999, Gross 2018). I used an average of widgeongrass TME values (0.84 
kcal/g[dry]) presented by Gross (2018) and a chironomid TME value (0.27 kcal/g[dry]) 
from Sherfy (1999). Finally, I used a daily ration model to estimate EUD (days/ha) for 





wherein i is food type and DER is the mean daily energy requirement of species and 
Eurasian dabbling duck species deemed ecological surrogates for dabbling ducks using 
South Carolina MTIs managed for widgeongrass (241.83 kcal/day; Tables A.1, A.2). I 
computed DER values from resting metabolic rates × 3 per Miller and Eadie (2006). 
Because I used SAV and aquatic invertebrate biomass data (Chapters 1 and 2) to 
compute ED and EUD values using a daily ration equation, total EUD values for SAV 
and invertebrates combined pattern biomass estimates in Chapters 1 and 2 for CD and PD 




than EUDs for CD MTIs, emphasizing the waterfowl, shorebird, and other waterbird 
potential foraging values invoked by PD management. The total EUD value for PD MTIs 
in August 2016 was reasonably precise (Coefficient of Variation = [SE/total EUD] × 100 
= 20%; Table A.1). For assessing management and conservation implications, I 
recommend using August 2016 EUD estimates due to confounding effects of SAV and 
invertebrate loss from Hurricane Matthew (8 October 2016), waterbird herbivory and 
predation during fall–winter after the hurricane, and seasonal SAV senescence (Chapters 
1 and 2). The EUD values estimated for August 2016 are the only known such values for 
coastal South Carolina and perhaps beyond that should be pertinent for habitat 
conservation and planning by Atlantic Coast Joint Venture partners for late summer–
early fall migrating ducks, shorebirds, and other waterbirds. Estimates of MTI acreage, 
associated management regimes, benthic seed biomass, and foraging thresholds (Hagy 
and Kaminski 2015) are needed to refine EUD estimates for MTIs in South Carolina and 
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Table A.1 Mean energetic density (ED; kcal/ha) and energetic use days (EUD; days/ha) 
for widgeongrass and associated submersed aquatic vegetation (SAV [e.g., Eleocharis 
parvula, Chara hornemannii]) and midge larvae (Chironomidae) measured in completely 
(CD) or partially (PD) drawndown managed tidal impoundments (footnote Table 1.1, n = 
20 impoundments) that were sampled August 2016–April 2017 in the Ashepoo, 
Combahee, and Edisto Rivers Basin, South Carolina. 
    CD (n = 8) 
 
PD (n = 12) 
  Month ED
a
 ± SE EUDb ± SE 
 
ED ± SE EUD ± SE 
August 2016 
     
 
SAV 79,957 ± 20,260 331 ± 84 
 




   2,375 ± 511 10 ± 2 
 
  36,791 ± 12,909  152 ± 53 
 
Total 82,332 ± 20,395 340 ± 84 
 
339,026 ± 69,309 1,402 ± 287 
November 2016 
     
 
SAV 33,619 ± 27,361 139 ± 113 
 
  99,144 ± 32,101 410 ± 133 
 
Invertebrate    1,975 ± 595 8 ± 2 
 
   20,384 ± 5,388 84 ± 22 
 
Total 35,593 ± 27,776 147 ± 115 
 
119,529 ± 36,325 494 ± 150 
January 2017 
     
 
SAV 11,326 ± 3,357 47 ± 14 
 
  47,548 ± 25,147 197 ± 104 
 
Invertebrate 11,380 ± 2,637 47 ± 11 
 
11,502 ± 1,742     48 ± 7 
 
Total 22,706 ± 3,796 94 ± 16 
 
  59,050 ± 26,208  244 ± 108 
April 2017 
     
 
SAV 53,261 ± 32,132 220 ± 133 
 
  65,773 ± 50,293 272 ± 208 
 
Invertebrate    2,486 ± 646    10 ± 3 
 
10,652 ± 3,055 44 ± 13 
  Total 55,747 ± 32,030 231 ± 132 
 
   76,426 ± 52,564 316 ± 217 
 
a
 EDi = 𝐹𝐷 × 𝑇𝑀𝐸, wherein i is food type (SAV or invertebrate), FD is food density (i biomass converted 
to kg[dry]/ha; Tables 1.3 and 2.4), and TME is true metabolizable energy of food i (widgeongrass = 0.84 
kcal/g[dry], Chironomidae = 0.27 kcal/g[dry]). 
b
 EUD/hai = 
𝐸𝐷𝑖
𝐷𝐸𝑅
, wherein i is food type and DER (241.83 kcal/day) is the daily energy requirement 
calculated for dabbling ducks using South Carolina tidal impoundments managed for widgeongrass (Miller 





Table A.2 Daily energy requirement (DER [kcal/day]; calculated as resting metabolic rate 
[RMR; kcal/day] × 3) of dabbling duck assemblages associated with South Carolina tidal 
impoundments managed for widgeongrass (Ruppia maritima) per Miller and Eadie 
(2006). 
Species RMR (kcal/day) DER (kcal/day) 




  96.80 290.39 
 
100.86 302.58 
Eurasian Teal, A. crecca crecca
b 
  34.42 103.25 
Northern Pintail, A. acuta   90.11 270.32 
Gadwall, Mareca strepera 128.11 384.32 
Eurasian Wigeon, M. penelope
c 
  64.77 194.31 
 
  62.14 186.42 
 
  58.32 174.95 
Northern Shoveler, Spatula clypeata
 
  80.07 240.20 
Garganey Teal, S. querquedula
d
   46.13 138.38 
Mean DER ± SE   241.83 ± 8.77 
 
a
 Surrogate species for Mottled Duck, A. fulvigula 
b
 Surrogate species for American Green-winged Teal, A. c. carolinensis 
c 
Surrogate species for American Wigeon, M. americana 
d







Outreach was a major implication of this study, during the course of which I addressed 
multiple workshops and meetings attended by wetland managers and biologists 
throughout the South Carolina coast (Table B.1). Audience sizes varied from 25–90 
participants with the potential to influence a significant proportion (> 15,000 ha) of both 
private and public managed tidal impoundments (MTIs) in South Carolina (B. A. Bauer, 
Nemours Wildlife Foundation, personal observation; B. A. Powell, Clemson University, 
personal communication). The cohort of MTI managers in South Carolina is relatively 
small; however, a single manager may be responsible for thousands of hectares of MTIs. 
South Carolina MTI managers frequently associate, exchange ideas, and are receptive to 
emerging research that benefits or adds value to existing waterfowl management 
objectives. To my current knowledge, at least four managers that oversee approximately 
8,800 ha of MTIs have adjusted their widgeongrass and other submersed aquatic 
vegetation management strategies in favor of late spring-early summer partial drawdowns 
to promote aquatic invertebrate resources for waterbirds (Chapters 1 and 2). 
Opportunities to address this specific demographic may have profound effects on 
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Table B.1 List of presentations delivered at professional meetings, workshops, and 
invited events pursuant to research conducted by Bauer (2018), 2016–2018. 
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Table B.2 List of wetland dependent avian species documented in managed tidal impoundments in the 
Ashepoo, Combahee, and Edisto Rivers Basin, South Carolina. 
Family Common name Scientific name Source 
Podicipedidae Pied-billed Grebe Podilymbus podiceps Nareff 2009 
 
Horned Grebe Podiceps auritus 
 
Pelecanidae American White Pelican Pelecanus erythrorhynchos 
 
Anhingidae Anhinga Anhinga anhinga 
 
Phalacrocoracidae Double-crested Cormorant Phalacrocorax auritus 
 
Ardeidae American Bittern Botaurus lentiginosus 
 
 
Least Bittern Ixobrychus exilis Bauer (unpublished data) 
 
Great Blue Heron Ardea herodias 
 
 
Great Egret Ardea alba 
 
 
Snowy Egret Egretta thula 
 
 
Little Blue Heron Egretta caerulea 
 
 
Tricolored Heron Egretta tricolor 
 
 
Green Heron Butorides virescens 
 
 
Black-crowned Night-heron Nycticorax nycticorax 
 
Threskiornithidae Glossy Ibis Plegadis falcinellus 
 
 
White Ibis Eudocimus albus 
 
 
Roseate Spoonbill Platalea ajaja Bauer (unpublished data) 
Ciconiidae Wood Stork Mycteria americana Nareff 2009 
Anatidae Tundra Swan Cygnus columbianus Bauer (unpublished data) 
 
Snow Goose Anser caerulescens 
 
 
Black-bellied Whistling-duck Dendrocygna autumnalis 
 
 
Wood Duck Aix sponsa Nareff 2009 
 
Mallard Anas platyrhynchos 
 
 
American Black Duck Anas rubripes 
 
 
Mottled Duck Anas fulvigula 
 
 
Gadwall Mareca strepera 
 
 
Northern Pintail Anas acuta 
 
 
American Wigeon Mareca americana 
 
 
Eurasian Wigeon Mareca penelope Bauer (unpublished data) 
 
Northern Shoveler Spatula clypeata Nareff 2009 
 
Blue-winged Teal Spatula discors 
 
 
American Green-winged Teal Anas crecca 
 
 
Canvasback Aythya valisineria 
 
 








Family Common name Scientific name Source 
 
Ring-necked Duck Aythya collaris 
 
 
Long-tailed Duck Clangula hyemalis 
 
 
Common Goldeneye Bucephala clangula Bauer (unpublished data) 
 
Bufflehead Bucephala albeola Nareff 2009 
 
Hooded Merganser Lophodytes cucullatus 
 
 
Red-breasted Merganser Mergus serrator 
 
 
Ruddy Duck Oxyura jamaicensis Bauer (unpublished data) 
Rallidae Clapper Rail Rallus crepitans Nareff 2009 
 
King Rail Rallus elegans 
 
 
Sora Porzana carolina 
 
 
Yellow Rail Coturnicops noveboracensis Bauer (unpublished data) 
 
Black Rail Laterallus jamaicensis 
 
 
Common Gallinule Gallinula galeata Nareff 2009 
 
American Coot Fulica americana 
 
Gruidae Whooping Crane Grus americana Bauer (unpublished data) 
 
Sandhill Crane Antigone canadensis 
 
Charadriidae Black-bellied Plover Pluvialis squatarola Nareff 2009 
 
Killdeer Charadrius vociferus 
 
 
Semipalmated Plover Charadrius semipalmatus 
 
Recurvirostridae Black-necked Stilt Himantopus mexicanus 
 
 
American Avocet Recurvirostra americana 
 
Scolopacidae Greater Yellowlegs Tringa melanoleuca 
 
 
Lesser Yellowlegs Tringa flavipes 
 
 
Solitary Sandpiper Tringa solitaria 
 
 
Spotted Sandpiper Actitis macularius Bauer (unpublished data) 
 
Willet Tringa semipalmata Nareff 2009 
 
Marbled Godwit Limosa fedoa Bauer (unpublished data) 
 
Dunlin Calidris alpina Nareff 2009 
 
Pectoral Sandpiper Calidris melanotos 
 
 
White-rumped Sandpiper Calidris fuscicollis 
 
 
Semipalmated Sandpiper Calidris pusilla Bauer (unpublished data) 
 
Western Sandpiper Calidris mauri Nareff 2009 
 
Least Sandpiper Calidris minutilla 
 
 








Family Common name Scientific name Source 
 
Long-billed Dowitcher Limnodromus scolopaceus Nareff 2009 
 
Short-billed Dowitcher Limnodromus griseus 
 
 
Ruff Philomachus pugnax 
 
 
Wilson's Snipe Gallinago delicata 
 
 
Wilson's Phalarope Phalaropus tricolor Bauer (unpublished data) 
 
Red-necked Phalarope Phalaropus lobatus 
 
Laridae Bonaparte's Gull Chroicocephalus philadelphia Nareff 2009 
 
Laughing Gull Leucophaeus atricilla 
 
 
Ring-billed Gull Larus delawarensis 
 
 
Caspian Tern Hydroprogne caspia 
 
 
Royal Tern Thalasseus maximus 
 
 
Common Tern Sterna hirundo Bauer (unpublished data) 
 
Forster's Tern Sterna forsteri Nareff 2009 
 
Least Tern Sternula antillarum Bauer (unpublished data) 
 
